This paper presents a novel calibration method that equalizes the impulse responses of all the Radio Frequency (RF) modules of an antenna array system operating in Long-Term Evolution (LTE) evolved NodeB (eNB). The proposed technique utilizes the Zadoff-Chu (Z-C) sequence of the Primary Synchronization Signal (PSS) and Sounding Reference Signal (SRS) that are available in every LTE data frame for downlink and uplink, respectively, for estimating and compensating the differences in the impulse responses among the RF modules. The proposed calibration method is suitable for wide bandwidth signal environments of LTE because it equalizes the impulse response of each RF module, which is ultimately equivalent to compensate the phase and amplitude differences among RF modules for the entire frequency band. In addition, the proposed method is applicable while the target eNB is transmitting or receiving a data stream. From various experimental tests obtained from a test-bed implemented with 2 RF modules, it has been verified that the proposed method provides a reliable calibration for Release 10 Time Division Duplex (TDD) LTE signals. Phase errors after the calibration in our test-bed have been found to be about 2.418 ∘ and 2.983 ∘ for downlink and uplink, respectively.
Introduction
Massive Multiple Input Multiple Output (MIMO) technology is discussed as a study item of 3rd Generation Partnership Project (3GPP) Release 13 for minimizing the interferences while the communication capacity and transmission distance are maximized [1] [2] [3] . Furthermore, the massive MIMO has emerged as a promising solution for realizing the green Information Technology (IT) base-station because the transmitting power can be reduced proportionally to the number of antenna elements in the massive MIMO system [4] . Each RF module of any antenna array system consists of many components such as Analog-to-Digital Converter/Digital-to-Analog Converter (ADC/DAC), filters, amplifiers, and so forth. Since the transfer characteristics of those components at each RF module are in general all different, the transfer characteristics of each RF module in an antenna array system are different from one another. Consequently, in order to fully exploit the merits of a given antenna array system, those transfer characteristics at each RF module should be equalized.
In this paper, we present a novel calibration method that equalizes the impulse responses of all the RF modules in a given antenna array system for beamforming. Since the proposed method unifies the impulse responses of all the RF modules, it is applicable to the wide bandwidth signal environments such as LTE. All the RF modules should exhibit the same transfer characteristics for every subcarrier in a given wide bandwidth. Researches on calibrations for beamforming and Time Division Duplex (TDD) Long-Term Evolution (LTE) implementation have been performed in [5, 6] and [7, 8] , respectively. However, most conventional calibration methods including the ones shown in [5] [6] [7] [8] considered a narrow bandwidth signal environment only, meaning that the impulse response of each RF module consists of a single tap such that the difference in the phase delays among distinct RF modules can be compensated only for a single subcarrier. In order to apply the methods in [5] [6] [7] [8] to wide bandwidth, each of the subcarriers should be considered separately and exhaustively, which would be extremely inefficient. Particularly for mmWave application that is one of the key technologies in 5th Generation (5G) mobile communications, since the bandwidth could be up to a few GHz [9] , it is practically impossible to adopt the calibration techniques given in [5] [6] [7] [8] .
As a wide bandwidth calibration method, [10, 11] introduced procedures of unifying the impulse response of each RF module of a given array system. Since the method shown in [10, 11] requires a separate procedure of generating a reference signal with which the impulse response can be estimated, however, it is impossible to apply the method of [10, 11] while the array system is under its operating mode. In other words, the array system should be switched off during the procedure of calibrating the RF modules. The main contribution of this paper is to present a novel calibration method which is applicable to wide bandwidth signal environments such as LTE while the target array system is under the operation of communicating data streams. Performance of the proposed method is verified using a test-bed system implemented with 2 RF modules which transmit and receive the 3GPP Release 10 TDD LTE signals. The Z-C sequence in PSS and SRS is used as a reference signal in the proposed method for downlink and uplink calibration, respectively. Since the Z-C sequence is available in every LTEbased data frame, the proposed technique is applicable without any additional references.
The rest of this paper consists of the following sections. Section 2 introduces a system model considered in this paper. Section 3 explains the proposed calibration method for the downlink and uplink separately. Section 4 introduces the test-bed implemented for verifying the proposed technique. Section 5 concludes this paper.
System Model
The impulse response of each RF module in a given antenna array system that operates in a wideband signal environment such as LTE can be written as
where ( ) denotes Dirac delta function, and are the sampling period and number of taps, respectively, and , corresponds to the magnitude of th tap of th RF module. Figure 1 illustrates a block diagram of the calibration system considered in this paper, which consists of RF Part, Calibration RF Part, and Calibration Control Part. In order to verify the feasibility and performance of the calibration method to be shown in the next section, we consider, for simplicity, but without loss of generality, an antenna array system consisting of only 2 RF modules for both transmit and receive array system for LTE evolved NodeB (eNB). The RF Part which consists of the 2 RF modules, as shown in Figure 1 and receive RF modules, while the proposed method uses Calibration RF Part shown in Figure 1 for both transmit and receive RF modules in common. It particularly means that the proposed method is much simpler than conventional methods [12] , which require receiving and transmitting modules separately for calibrating transmit and receive RF modules, respectively. Figure 2 illustrates a flowchart which describes the control of the proposed calibration method. When the calibration flag is on, all the data needed for the calibration are captured and sent to the Calibration Algorithm Part shown in Figure 1 . Detailed explanations about the needed data are explained in the next section. The calibration parameters computed in the Calibration Algorithm Part are sent to the Calibration Filter(s). The calibration flag is off when the calibration is completed. Figure 3 illustrates the amplitude and phase characteristics of the 2 RF modules. The data shown in Figure 3 have been measured in 20 MHz band from the test-bed which has been implemented for verifying the feasibility and performance of the proposed calibration method to be explained in Section 4.
As shown in Figure 3 , the 2 RF modules exhibit different characteristics. Note that if the phase differences between the 2 RF modules are exactly the same for all the frequency values, then the calibration does not have to be performed with all the subcarriers exhaustively, meaning that the given signal environments might be considered as a narrow bandwidth. According to Figure 3 , the implemented antenna array system seems to exhibit a pretty good coincidence in phase characteristics between the 2 RF modules. More precisely speaking, however, it can be observed in Figure 3 that the values for "A" and "B" are different from each other by about 4
∘ . Taking the inverse Fourier transform of the data points shown in Figure 3 , it can further be observed in Figure 4 that the differences in the transfer characteristics between the 2 RF modules result in distinct impulse responses. With the wider observation bandwidth, the differences in the phase characteristics for different frequency points would even be far more conspicuous, which would very keenly emphasize the importance of the wideband calibration. For example, the difference of the phase characteristics for the bandwidth of 500 MHz has been found to be up to 90 ∘ [10, 11] . Figure 4 illustrates the impulse responses of the 2 RF modules, which have been obtained by taking the inverse Fourier transform of the data point shown in Figure 3 . As shown in Figure 4 , the impulse responses involve multitaps. Note that most conventional calibration methods [5] [6] [7] [8] assumed that the impulse responses of all the RF modules consist of a single tap. As shown in Figure 4 , however, the actual impulse responses of RF modules involve multitap; thus, the given signal environment should be considered as being wideband.
Proposed Calibration Algorithm
In this section, a novel procedure is proposed for calibrating each RF path of antenna array system at eNB of LTE. The new technique equalizes the impulse response of each of the RF paths in a given antenna array system while the eNB is under the operation of receiving or transmitting LTE signals. Reference signal used for the proposed calibration procedure is the Z-C sequence of PSS and SRS for downlink and uplink, respectively, which is included in every LTE data frame. Normally, in LTE systems, the Z-C sequence in PSS is used for acquiring the Subframe Synchronization during downlink, while that in SRS is for capturing the Channel Quality Indicator (CQI) during uplink. The calibration method proposed in this paper utilizes the Z-C sequence in order to first estimate and then equalize the impulse response of each of the RF paths of the antenna array system in a given eNB. Figure 5 illustrates a block diagram describing the proposed method for downlink, meaning that eNB is in transmitter (Tx) mode. The objective is to design the Calibration Filter shown in Figure 5 in such a way that the cascade of the Calibration Filter and the 2nd Transmitter of which the impulse response is ℎ ,2 ( ) becomes equivalent to the impulse response of the 1st Transmitter, that is, ℎ ,1 ( ).
Downlink Calibration (Tx Calibration).
The 1st Transmitter and 2nd Transmitter shown in Figure 5 correspond to the RF modules #1 and #2, respectively, shown in Figure 1 . In addition, during the downlink calibration, the Calibration RF Part shown in Figure 1 operates as a receiver. For the downlink calibration, the Calibration Algorithm Part needs 4 inputs signals described as follows. Input 1. LTE data stream to be transmitted through the 1st antenna element, 1 ( ), becomes the 1st input signal, A, of Calibration Algorithm Part shown in Figure 5 . The operation of Frame Synchronization of Calibration Algorithm Part shown in Figure 5 is based on the PSS of each LTE data frame. The PSS ( ) consists of a Z-C sequence of length 62 as follows:
where the subscript denotes the Z-C root sequence index, which is one of 25, 29, or 34 [13] . Figure 6 illustrates LTE data frame architecture which shows how the PSS is mapped in each data frame of TDD LTE system [12] . As shown in Figure 6 , each data frame is 10 ms long and consists of 10 subframe while each subframe consists of 2 slots with each slot being composed of 7 OFDM symbols. The PSS is assigned at the 3rd symbol of the 1st slot of the 2nd subframe and 3rd OFDM symbol of the 1st slot of the 7th subframe, which is 5 ms apart from each other. In spectral domain, PSS includes 63 subcarriers at the center of the corresponding OFDM symbol. Figure 7 illustrates a detailed block diagram of Frame Synchronization shown in Figure 5 . Through Switch 2, data samples corresponding to the length of 1 frame, that is, 10 ms, are stored in the order of A, C-1, B, and C-2 as explained earlier. The samples stored in the Buffer, of which the Z-C sequence's index must be one of 25, 29, or 34, and the Z-C sequence shown in (2) are correlated with each other. When the Z-C index in the Z-C Buffer is coincident with that of the Z-C sequence of the data samples in the Buffer, the maximum correlation can be obtained; thus, the Start Point can be obtained.
In the box denoted as Remove CP in Figure 5 , 144 samples corresponding to the CP are removed from the Start Point, leaving the LTE data part only. If the data ( ) is a combination of Tx data ( ) and CP, then we can obtain A 1 ( ), B 2 ( ), C-1 1 ( ) * ℎ ,1 ( ) * ℎ ref ( ), and C-2 2 ( ) * ℎ ,2 ( ) * ℎ ref ( ) after the Remove CP. These signals, A, B, C-1, and C-2, are then 2,048-point FFT in the FFT block and transferred to the Buffer & Divider block shown in Figure 5 . From the Divider, we obtain the following:
where upper case letters correspond to the Fourier transform of lower case letters. Taking the inverse Fourier transform of the right-hand side of (3), we obtain ℎ ,1 ( ) * ℎ −1 ,2 ( ) which is used as the impulse response of the Calibration Filter shown in Figure 5 , which means 2 ( ) becomes ℎ ,1 ( ) * ℎ −1 ,2 ( ) * 2 ( ) after the Calibration Filter. Consequently, the cascade of the Calibration Filter and 2nd Transmitter becomes the same as the impulse response of the 1st Transmitter, ℎ ,1 ( ); thus the impulse responses of both RF modules become equivalent. meaning that eNB is in receiver (Rx) mode. The objective is to design the Calibration Filters 1 and 2 shown in Figure 8 in such a way that the cascade of the 1st Receiver of which the impulse response is ℎ ,1 ( ) and Calibration Filter 1 and that of the 2nd Receiver of which the impulse response is ℎ ,2 ( ) and Calibration Filter 2 becomes equivalent to each other.
Uplink Calibration (Rx Calibration
The 1st and 2nd Receiver shown in Figure 8 correspond to the RF modules #1 and #2, respectively, shown in Figure 1 . In addition, during the uplink calibration as well as in the case of downlink calibration, the Calibration RF Part shown in Figure 1 operates as a receiver. For the uplink calibration, the Calibration Algorithm Part needs 4 inputs signals described as follows. As mentioned earlier, the uplink calibration introduced in this paper is based on SRS, while the downlink calibration utilizes PSS. Although the transmit interval and Z-C sequence of the SRS are user-dependent, eNB knows both the transmit interval and Z-C sequence of the SRS for each user. In this paper, for simplicity but without loss of generality, we assume only 1 user in a given cell whose SRS sequence is stored in the SRS Buffer of the given eNB. Computing the correlation between the SRS Buffer and Receive Buffer and taking Fourier transform on the results of the correlations, we can obtain 
Consequently, using the right-hand side terms of (4) as the impulse responses of the Calibration Filers 1 and 2, respectively, the impulse responses of RF modules in uplink can all be equalized to the impulse response of the Calibration RF Filter, ℎ ref ( ).
Since the proposed calibration method introduced in this section unifies all the impulse responses of RF modules, it can be used not only for a narrow band signal environment where Sampling period ( ) 3 2 . 5 2 n s e c the calibration for a single subcarrier can compensate the phase differences among the RF modules but also for a wideband signal environment such as LTE where the phase compensation is required for each of all the subcarriers exhaustively. Instead of using each of all the subcarriers as a reference signal for calibrating the RF modules, the proposed method unifies the impulse responses of all the RF modules using the Z-C sequence as a reference signal, where the Z-C sequence is available at every LTE data frame. Furthermore, the proposed calibration is applicable while the antenna array system of a given eNB is under operation of transmitting or receiving the LTE data sequences, which we call online calibration.
Experimental Results
In this section, we present a test-bed antenna array system consisting of 2 RF modules which is a part of TDD LTE eNB system. The test-bed system has been implemented for verifying the feasibility of the proposed calibration method. The test-bed system operates as Figures 5 and 8 during downlink and uplink, respectively. Table 1 summarizes the system parameters of the test-bed system. Communication standard of the data frame used in our test-bed is 3GPP Release 10 TDD LTE [12] which is fed from MATLAB signal into our test-bed system properly for downlink and uplink operations as shown in Figures 5 and 8 , respectively, except that the antenna elements are excluded in the test-bed, meaning that the signals are fed through Ethernet instead of antennas. The number of taps, , and sampling period, , introduced in (1) have been set up to 75 and 32.52 nsec, respectively, and the Z-C root sequence index root [12] shown in (2) has been set up to 25. Figure 9 illustrates the photograph of our test-bed implemented for verifying the feasibility and performance of the proposed calibration method. As mentioned earlier in Figure 1, our test- Figure 10 illustrates the impulse responses of the 2 RF modules in the test-bed system measured before and after the proposed calibration method for both downlink and uplink. Since the impulse function itself cannot be used for measuring the impulse response, we use the correlation between the prestored Z-C sequence and Z-C sequence which passes through each of the 2 RF modules. As shown in Figure 10 , the impulse responses of the 2 RF modules are quite different from each other before the calibration is applied for both downlink and uplink, while they become quite comparable to each other after applying the proposed calibration method. Figure 11 illustrates the in-phase (I) and quadrature (Q) signal components captured at the 2 RF modules before applying the proposed calibration method. To obtain the data points shown in Figure 11 , we have first turned off the calibration flag and captured C-1 and C-2 after applying the same LTE data stream for both 1 ( ) and 2 ( ) shown in Figure 5 . It can be observed that, due to the mismatch between the 2 RF modules, both I and Q components of the 2 RF modules are quite different from each other. Figure 12 illustrates the I and Q signal components captured at the 2 RF modules after applying the proposed calibration method. The procedure of obtaining the signal components shown in Figure 12 is exactly the same as that of Figure 11 except that the calibration flag is turned on at the beginning of the procedure for obtaining the data points shown in Figure 12 . As shown in Figure 12 , the data points measured at both RF modules are very well coincident with each other due to the calibration. While Figures 11 and 12 show the situations in the downlink, we have observed the similar situations in uplink.
The performance of the proposed calibration method has been analyzed by computing the phase error between the 2 RF modules, which can be obtained as [14] phase error = [arctan (
where [⋅] denotes an expectation of ⋅ and 1 ( ) and 2 ( ) are C-1 and C-2 which are shown in Figure 5 , respectively, in the downlink or B and C which are shown in Figure 8 , respectively, in the uplink. To obtain the phase error between the 2 RF modules accurately, we have considered about 900,000 data samples of I and Q. Table 2 shows the phase error as a function of SNR. Note that since the SNR in each RF module cannot easily be controlled, the values shown in Table 2 have been obtained from computer simulations instead of experimental tests, which implies that the SNR in our test-bed is a little less than 30 dB. Phase error associated with the proposed method has been compared to that of [11] , which can also be used in a wide bandwidth signal environment, as shown in Table 2 . Both methods result in comparable performances. However, as mentioned earlier in Chapter 1, the method of [11] cannot be applied in the operating mode, which means the array system should be switched off during the procedure of calibrating the RF modules for the method of [11] , whereas the proposed method can be applied while the array system is in its operation mode.
International Journal of Antennas and Propagation [15] , the normalized array antenna gain maintains to be larger than 98% as long as the phase error does not exceed 10 ∘ , which means that the power loss due to the mismatch of the antenna beam is not greater than 2% for the phase error being less than 10 ∘ . When the phase error is less than 3 ∘ , which is the case measured in our test-bed as mentioned above, the normalized array antenna gain is nearly 99.91% [15] , which means the proposed calibration method is nearly perfect for calibrating the array system like a massive MIMO which deals with the wide bandwidth LTE signals.
Conclusion
5G mobile communications have been rapidly evolving together with state-of-the-art technologies based on multiple antennas such as massive MIMO, Multiple User-MIMO, and so forth. In order to fully exploit the merits of the multiple antenna technologies, however, the transfer characteristics of each RF module should be accurately calibrated with one another. Furthermore, the calibration should be applicable to an extremely wide bandwidth signals like LTE or LTEAdvanced on real-time basis, which means the procedure should be valid while the target array system is transmitting or receiving the wide bandwidth data streams. This paper presented a novel method of equalizing the impulse responses of all the RF modules associated with a given antenna array system operating in an LTE signal environment. The proposed technique has demonstrates its superb performance for both downlink and uplink of LTE when it is applied to eNB array system. The proposed method uses the Z-C sequence as a reference signal to estimate and compensate the impulse responses of the multiple RF modules in a given array system. From our experimental tests performed in our laboratory using an implemented test-bed, it has been found that the phase error between different RF modules does not exceed 3 ∘ . Recalling that the Z-C sequence is available in every data frame of LTE signals, it can be concluded that the proposed method is appropriate for calibrating the LTE-based array systems with a high accuracy in real-time.
